We have studied the importance of the average inversion-layer penetration, which is termed the inversion-layer centroid, to the depletion and inversion charge of a general p-MOS structure.
Introduction
Although quantization of the transverse electron and hole motions in the inversion layer of a metal-oxidesemiconductor has been widely studied [1] , the quantum effects have not been considered by the modelling community until very recently. The use of quantum treatment yields some differences with respect to classical methods that should be taken into account to improve the models that generally are used. These differences have recently become more significant, with the fabrication of devices with thin oxides: this is because the maximum of the charge distribution in the quantum model can be located at distances of the same order of magnitude as the oxide thickness. The natural consequences of this fact are that the electric potential value at the interface is greater than that predicted by the classical model and that the main modification to the electron charge when the gate voltage is varied, is produced further from the interface, leading to reduced capacitance and transconductance [2] .
Various alternatives have been suggested to introduce these effects into the classical calculations in an n-MOSFET:
(1) Some authors correct the carrier density to force it to vanish at the interface [3] . (2) Other researchers modify the oxide thickness by the addition of a constant value that represents the average inversion-layer penetration [4, 5] .
(3) Finally, others consider a gap energy greater than the classical energy to take into account the discrete character of the eigenenergies.
Some of the authors of this article have solved the Poisson and Schrödinger equations for that structure in an iterative way, obtaining through a quantum calculation the way in which modifications can be introduced into analytical expressions to obtain a better agreement with the experimental work and a accurate modelling of the average inversion-layer penetration [6] .
However, and despite the importance of hole confinement in an inversion layer within a CMOS device, there are no equivalent studies for p-MOS structures. Thus, the purpose of this article is to analyse the same magnitudes in a hole inversion layer and to obtain models which take into account all the complexity introduced by the degeneracy of the valence band and which can be expressed in a simple closed form. In order this, we have carried out a complete study of a hole inversion layer under the effective mass theory framework, using the semiaxial approximation [7] to break the 6 × 6 Luttinger Hamiltonian into two 3 × 3 Hamiltonians, thus simplifying the numerical calculation but retaining at the same time the main features of the valence band: degeneracy at k = 0, split-off influence and warping in the k x -k y plane. In this way, we have been able to simulate the Poisson and Schrödinger equations in an iterative process, obtaining the band structure, the distribution of charge along the direction in which the external potential has been applied, the surface potential and the voltage drop on the oxide.
This method supplies a way to describe in a consistent model how the average penetration of the inversion layer into the semiconductor, termed the inversion-layer centroid, can modify the analytical expressions to give results that are coherent with quantum modelling. The following sections present closed-form analytical expressions which provide a significant saving in calculation time with respect to the complete simulation but provide good agreement with the numerical results.
The inversion-layer centroid in a p-MOS structure
To model hole subbands in semiconductors under an external potential, both the Schrödinger and Poisson equations for this material must be solved. To describe the valence band structure we need to use the Luttinger 6×6 Hamiltonian [8, 9] , which through the semiaxial approximation, and taking z as the direction of the semiconductor along which the external bias is applied, becomes the differential operator [7] :
where
and where k = (k x , k y ) is the wavevector in the k x -k y plane, γ 1 , γ 2 and γ 3 represent the Luttinger parameters, is the split-off energy and E v is the valence band edge energy The system of differential equations to be solved can be written as:
where F n,kx,ky (z) is a 6×1 vector containing the components of the envelope function, I 6×6 is the identity matrix of order 6, q is the absolute charge of the electron and V (z) is the potential profile caused by the external applied voltage, which is unknown at the start of the process, and so an adequate initial approximation is necessary. The advantage of semiaxial approximation is that it enables us to solve the two 3 × 3 Hamiltonians that appear in equation (1) independently, with a considerable saving in calculation time.
The carrier density, p(z), is calculated by [10] 
where f F D is the Fermi-Dirac function.
Once p(z) has been obtained, the next approximation for the potential profile must be calculated by solving the Poisson equation, and the process continues iteratively until convergence is achieved. By using this method we can calculate the average penetration depth in the inversion layer, or inversion-layer centroid, as:
This was calculated for a wide range of doping concentrations, for each of which the external applied voltage was varied. In our calculations we have considered the inversion-layer centroid to be significant when z I Q I /ε Si , with Q I being the inversion charge, is not negligible with respect to the surface potential. With this criterion, we have taken into account that although the average penetration of the inversion layer increases rapidly in weak inversion, its effect is negligible due to the reduced amount of inversion charge. Figure 1 shows the hole density as a function of the distance from the Si-SiO 2 interface for a doping concentration of 8 × 10 17 cm −3 and a hole density per unit of area of 5 × 10 12 cm −2 . The dashed line represents the total hole concentration, solid lines correspond to the three lowest subbands obtained from H U 3×3 and triangle lines to the three lowest subbands obtained from H L 3×3 . As can be observed, all the plots in the figure have only one maximum, which is a consequence of the 3 × 3 character of the matrices that describe the valence band and which takes into account the degeneration resulting from the complexity of this band, i.e. it is due to the fact that we are solving a system of three coupled differential equations and it is to be expected that solutions for ground states should have only one maximum. The rest of the subbands taken into account in the simulation, and that have no appreciable influence in the case described, show a higher number of maxima.
Analytical models: comparison with numerical results
In this section we compare our numerical results with some empirical models and develop analytical models that are valid for a wide range of technological variables. The first expression we can test is provided by variational methods. From figure 1, it is evident that the total hole density is similar to that provided by the first subband of each matrix, although multisubband occupation causes the total hole distribution to widen, separating the centroid from the Si-SiO 2 interface. Previous calculations using the variational method [11] , which consider only occupation of the ground subband, are based on this resemblance. According to this approximation, the centroid position z I depends on the depletion and inversion charges as
where Q D and Q I are the depletion and inversion charge densities per unit of area, respectively, and C 1 is a fitting parameter.
We can also analyse the agreement between numerical results and another more general expression, derived from the multisubband occupation, which is obtained by assuming a dependence on the effective electric field as defined by Sabnis and Clemens [12] , which is the average transverse electric field in the inversion layer, given by
where ε Si is the silicon permittivity.
These two equations led us to evaluate the suitability of an empirical expression of the form:
We obtained a reasonably good agreement and from the best values for C 2 to N D = 3 × 10 18 cm −3 ) with an error of less than 5%. Therefore, we have tested a new expression based on equation (8) 
The silicon permittivity ε Si has been introduced to express the charges in electric field units (in megavolts per centimetre). Numerical simulation shows that the best agreement with equation (10) is produced when z i0 is taken as 1.77 nm. The main advantage of this equation is that it is explicitly independent of the doping concentration, using a constant to model z i0 for the whole range of doping levels. It is interesting to compare these results with those obtained for the electron case [6] . In the latter case the dependence of C 2 on the depletion charge is about Q −(1/6) D and the best value for z i0 was found to be 1.2 nm. This is the consequence of a more significant penetration into the silicon of the carrier density for the hole inversion layer than for the electron inversion layer. Thus, the role played by the centroid is expected to be more noticeable in p-MOS transistors. Figure 2 compares the use of equations (7), (9) and (10) with numerical data for two different doping levels: in figure 2(a) N D = 3 × 10 16 cm −3 and in figure 2(b) N D = 10 18 cm −3 . In general, we have detected a better agreement of the numerical results with equation (9) than with equation (7). This behaviour is more appreciable for lower doping concentrations, which is a consequence of the relatively weaker influence of the ground subband that, as commented above, is the only one that equation (7) takes into account. With respect to equation (10) , the fitting is reasonably good in the range of doping concentration used in this article. The error is never greater than 5%.
However, we can go further and obtain a more general expression for a wide range of doping levels. We propose as a fourth analytical expression the empirical approximation given by
where z i0 and n are fitting parameters. With this equation, the agreement is very good: we can find a value for z i0 and n, depending on the doping concentration, such that equation (11) provides a maximum error with respect to numerical data of less than 0.7%. Moreover, we have found a way to relate these better values to physical parameters. This relation arises from the fact that the resulting z i0 and n values show a Eq. (7) Eq. (9) Eq. (10) z I (nm ) (12) Figure 3 is a representation of the numerical data and equation (11), using equation (12) for z i0 and n for different doping levels. Again, comparison with the electron case shows a similar qualitative behaviour to that discussed for equation (10) . Now the slopes of the linear expressions (12) are approximately half those obtained in [6] and so their dependence on N D is as the square root of the corresponding slopes for the electron expression. Furthermore, the values for z i0 in this study are in the range from 2.176 nm to 1.799 nm, which are greater than those for the electron centroid. This confirms the more important role that the hole centroid plays in inversion characteristics. With respect to n, and substituting the doping concentrations used in equation (12), we have obtained a range from 0.368 to 0.265. This could explain the relatively good agreement of equations (7) and (9) using an exponent of 0.33 which is approximately the value of the arithmetic mean. Pinv (cm -2 ) Figure 3 . Representation of the numerical centroid and that obtained by equation (11) when equation (12) is used to analytically model z i0 and n. We show the validity of this approximation for a wide doping concentration range. 
Effect on the inversion charge density
The influence of the inversion layer centroid on the total band bending on an n-doped semiconductor has been recognized since the pioneering papers on the subject [13] . As commented above, in the hole case this effect might be expected to be more pronounced. If z is the co-ordinate perpendicular to the interface, using equation (6), we obtain
where q is the magnitude of the electron charge, N D (z) is the doping profile and z dep is the depletion layer width. The first term on the right hand side can be interpreted as a depletion layer band bending, and therefore we can define (15) to model the depletion charge per unit area. Agreement is good using ψ dep as surface potential in equation (15) .
is closer to ψ dep than to ψ s . In fact, if we calculate the value used in the literature [14] , ψ s = 2φ F + 6k B T /q where qφ F is the distance between the Fermi level and the intrinsic level in the silicon bulk, as the limit between the moderate and strong inversion regions, practically ψ dep is recuperated. Furthermore, ψ dep should be used to calculate the depletion charge. With a constant doping profile, it is well known that in the hole case
where k B is the Boltzmann constant, T is the absolute temperature and the correction k B T /q within the root symbol accounts for the effect of the majority carrier tail in the depletion layer edge. Figure 5 compares the data obtained in the numerical simulation and equation (15) for N D = 10 17 cm −3 , 5×10 17 cm −3 and 10 18 cm −3 . As can be observed, agreement is good for the range of doping levels used.
We have also studied the behaviour of the inversion charge density when the centroid is taken into account in the analytical expressions. In order to do this, we start from the voltage balance equation for a p-MOS:
where V G is the gate voltage,V FB is the flat-band voltage, where the effect of the fixed charge within the oxide should be included, and C ox is the oxide capacitance per unit area:
Making use of equations (14) and (16), we obtain
with
Thus, the centroid effect can be introduced through this new capacitance. The denominator of equation (19) takes into account a new effective width of the oxide that has been denominated the 'electrical oxide thickness' by Arora et al [15] . Figure 6 represents the hole concentration from the numerical simulation and equation (18) (18). This is due to the fact that equation (19) implicitly takes into account the increase in the surface potential with the inversion charge.
Conclusions
We have studied the importance of the average inversionlayer penetration, which is termed the inversion-layer centroid, on the principal magnitudes of a general p-MOS structure.
To do this, we have used the quantum theory to model the inversion-layer behaviour under a variety of doping levels and applied external voltages. We have developed a consistent model by solving the Luttinger Hamiltonian in an iterative process with the Poisson equation until convergence was achieved. In this way we have been able to obtain the hole distribution along the direction in which the external voltage has been applied, the surface potential and the depletion and inversion charges.
We have proposed closed-form analytical expressions to model the inversion-layer centroid which are in good agreement with the numerical results. We have justified changes that should be introduced into the standard expressions that do not take into account the quantum character of the inversion layer, and have compared our results with those obtained for the electron case, showing that the centroid plays a more important role in hole inversion layers.
We also present the surface potential, observing that it is not constant in the inversion regime. Nevertheless, we have shown that when the centroid is considered, a new surface potential for the inversion regime that is close to what is usually taken as constant surface potential can be defined.
Finally, we have also suggested modifications that improve the results obtained by classical expressions for the inversion-and depletion-layer charges and we have studied the importance of the centroid in these magnitudes.
